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Ureaplasma parvum and Ureaplasma urealyticum are sexually transmitted, opportunistic pathogens of the
human urogenital tract. There are 14 known serovars distributed between the two species. For decades, it has
been postulated based upon limited data that virulence is related to serotype specificity. The results were often
inconclusive due to the small sample size and extensive cross-reactivity between certain serovars. We developed
real-time quantitative PCRs that allow reliable differentiation of the two species and type strains of each of the
14 serovars. To investigate species and serovar distributions, we typed 1,061 clinical isolates of human
ureaplasmas from diverse patient populations. There was only a tenuous association between individual
Ureaplasma serovars and certain patient populations. This may in part be explained by the fact that almost 40%
of the isolates were genetic mosaics, apparently arising from the recombination of multiple serovars. This
explains the extensive cross-reactivity based upon serotyping and the lack of consistent association of given
serotypes with disease.

Ureaplasmas were first described in the human urogenital
tract by Shepard in 1954 (45). They belong to the class Molli-
cutes and are one of the smallest self-replicating prokaryotes,
lacking cell walls and hydrolyzing urea to generate ATP. Thus
far, in humans there are at least 14 known Ureaplasma serovars
determined by the metabolism inhibition test and colony indi-
rect epi-immunofluorescence using rabbit antisera (40). These
14 serovars were established when it was believed there was
only one species of ureaplasma that occurred in humans, U.
urealyticum. More recently the 14 serovars have been divided
between two species by these and other criteria. U. parvum
contains serovars 1, 3, 6, and 14, and U. urealyticum contains
the remaining 10 serovars (42). Although ureaplasmas are
common commensals in the urogenital tract, they have been
associated in many invasive infections, such as nongonococcal
urethritis (NGU), chorioamnionitis, endometritis, and arthritis
in adults and bacteremia, meningitis, pneumonia, and chronic
lung disease of prematurity (bronchopulmonary dysplasia
[BPD]) in infants (52).

It has been speculated for many years that individual Urea-
plasma species or serovars might be associated with certain
diseases more than others, as is the case for bacteria such as
Streptococcus pneumoniae and Haemophilus influenzae (2, 14).
Although several studies reported that U. urealyticum is more
pathogenic than U. parvum (1, 13, 26, 30, 34, 36), conflicting
results have been found by others (6, 18), so it is possible that
differential pathogenicity might exist at the serovar level rather

than at the species level. Inconsistent results implicating spe-
cific serovars (or serovar groups) with various clinical condi-
tions (10, 12, 29, 33, 46, 50, 58) coupled with frequent detection
of Ureaplasma isolates comprised of more than one serovar
have also been reported (10, 17, 29, 32, 50). Differing results
among investigations could be related to inadequate or impre-
cise typing methods. The possibility that individual Ureaplasma
isolates may express multiple serovar specificities has been
suggested, but never investigated in a systematic manner due
to the technical difficulty of separating all of the 14 serovars
(17, 50).

Two major methodologies to classify Ureaplasma isolates to
the species and serovar levels have been described. Antibody-
based phenotyping methods included growth/metabolism inhi-
bition tests (3, 41, 46), antibody-linked epi-immunofluores-
cence, or color reaction assays (15, 37, 44, 49). These methods
yielded inconclusive results because of multiple cross-reactions
and poor discriminating capacity. Cross-reactions have been
observed even in certain serovar reference strains (40). Mo-
lecular genotyping methods were more rapid and accurate,
readily separating the two Ureaplasma species (9, 27, 35, 43,
56). However, due to limited sequence variation in the PCR
targets, only partial separation of serovars was achieved (8,
20–23). Recently, we developed a set of Ureaplasma species-
and serovar-specific real-time PCR assays that separate com-
pletely all 14 ATCC serovars type strains without cross-reac-
tions (55).

Horizontal gene transfer (HGT) plays an important role in
microbial adaptation, speciation, and evolution (48). Although
mycoplasmas and ureaplasmas are characterized by their min-
imal genomes and are thought to have undergone regressive
evolution, which usually is not favorable for active DNA ac-
quisition (54), evidence has shown that HGT occurs among
phylogenetically distinct mycoplasmal species sharing the same
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ecological niche (47) or within the same species (51). Compar-
ative genomic analyses have indicated possible HGT between
U. parvum and Mycoplasma hominis (31). Ureaplasma spp.
have also been shown to form biofilm (16), structures thought
to promote DNA exchange among other bacteria. Further-
more, recombinases, transposases and putative conjugative
transposon mobilization proteins have been identified in ge-
nomes of the 14 Ureaplasma serovars (V. Paralanov, unpub-
lished observations). These findings raise the question of
whether HGT occurs among Ureaplasma serovars and its po-
tential implications for the hypothesis of differential pathoge-
nicity at the serovars level.

Using Ureaplasma species- and serovar-specific real-time
PCR assays that we recently developed and validated (55), we
analyzed a large number of clinical isolates from different
geographic regions and from different patient populations to
classify them to species and serovar in order to investigate
differential pathogenicity at these two levels. Initial evaluation
of the results suggested the likelihood of HGT between species
and among serovars and prompted additional investigations.

MATERIALS AND METHODS

Bacterial isolates. Reference strains for the 14 Ureaplasma serovars were
obtained from the American Type Culture Collection (ATCC) and used as the
controls in serovar-specific PCR assays. The 1,061 unique clinical isolates eval-
uated for species and serovar distributions were obtained from cultures collected
and stored frozen at �80°C or in lyophilized form dating from the late 1970s to
2009. Isolates originated from Alabama and various other states within the
continental United States and from Alberta, Canada, in the patient groups
described in Table 1. Ureaplasmas recovered from clinical specimens were ini-
tially identified to genus level by standard methods including colony morphology
and urease production on A8 agar.

DNA preparation. Genomic DNA was extracted from all 1,061 clinical isolates
by the proteinase K method as described previously (4). Inhibited samples were
further purified by using a QIAamp DNA blood mini kit (Qiagen, Valencia, CA).
Prepared DNA samples were stored at �80°C unless submitted immediately for
PCR assay.

Genotyping of clinical isolates by PCR. The clinical isolates were first classified
to species level by using a multiplex species-specific real-time PCR assay for
which the primers, probes, reagents, and PCR conditions have been previously
described (55). U. parvum and U. urealyticum isolates were then typed for their
corresponding serovars by a series of serovar-specific real-time PCR assays (55).
In the event that isolates were negative for any serovars within their correspond-

ing species, additional PCR assays for serovars of the other species were per-
formed. A designated ATCC type strain control and a negative control (distilled
water) were included in every PCR run. Untypeable isolates were subjected to a
secondary PCR assay targeting the urease gene (35). The species- and serovar-
specific PCR assays were performed using a LightCycler 2.0 (Roche, Indianap-
olis, IN).

Separation of isolates containing multiple serovars. Four isolates shown to
contain multiple serovars by real-time PCR were thawed and incubated in 10B
broth overnight. The broth cultures were then filtered through a 0.2-�m-pore-
size filter, inoculated onto A8 agar, and incubated for 24 to 48 h until colonies
were readily visible under a stereomicroscope at �126 magnification. At least 10
single colonies from each isolate were removed with a sterile needle or pipette
tip for individual overnight cultures in 10B broth. DNA was then isolated from
each broth culture and prepared for PCR assay as described above.

Quantification of each serovar in clinical isolates to distinguish mixtures from
hybrids. To quantify each serovar marker in isolates containing multiple sero-
vars, a universal control plasmid, pUC19-U, which carries one copy of each
serovar marker (except for markers of serovars 4 and 5, which were not able to
be stably incorporated into the plasmid), was constructed and used to generate
an external quantification standard curve. Serovar-specific PCRs were performed
on 271 randomly selected isolates containing multiple serovars (except serovars
4 and 5), and the quantities of each serovar were calculated. When two serovars
were compared, based on the largest calculated quantity difference of the
pUC19-UU plasmid control between PCR runs, an arbitrary differentiation
standard was made: a difference of �5-fold was considered a hybrid; a difference
of 5- to 10-fold was considered a hybrid or mixture (Hyb/Mix); any difference
�10-fold was considered a mixed culture; and, finally, if both serovars were in
low quantity, it was designated as undetermined.

DNA sequencing. A total of seven clinical isolates, each containing two serovar
markers, were selected for polymorphic loci analysis by Sanger DNA sequencing.
Isolates 10902 and 97078 contained serovars 1 and 6, isolates 10901 and 8510
contained serovars 3 and 6, and isolates 24318 and 25353 contained serovars 9
and 10. For each pair of serovars, 7 to 10 loci throughout the genome that
contained multiple base pair polymorphisms between each serovar pair were
selected. PCR primers were designed to amplify from both serovars across the
region containing the polymorphism of about 700 to 800 bp. Loci were selected
to be gene coding, have at least 90% identity, and 20 or more mismatched
nucleotides by BLASTn analysis (see Table S1 in the supplemental material).
The mba gene of U. parvum serovars 3 and 6 was sequenced by using primers
flanking the whole mba gene region. Serovar-specific PCR primer regions of
serovars 9 to 12 were also amplified and sequenced. PCR was performed using
a Veriti 96-well thermal cycler (Applied Biosystems, California). DNA sequenc-
ing was performed in the University of Alabama at Birmingham Heflin Center
Genomics Core Facility. DNA sequences were analyzed using CLC DNA work-
bench 5.

We sequenced the genomes of four U. urealyticum patient isolates that we
could not identify on the serovar level using 454 pyrosequencing (454 Life
Sciences, Branford, CT). The genomes were assembled by using a Newbler

TABLE 1. Description of Ureaplasma clinical isolates

Specimen type Group description No. of isolates

Control groups
Vaginal swabs Healthy pregnant females 169
Placental tissue collected at cesarean section in

women with intact fetal membranes
Females without histologic chorioamnionitis 42

Catheterized urine Males with neurogenic bladder without urethritis 25
Endotracheal aspirate Preterm infants without bronchopulmonary dysplasia 108

Diseased groups
Endometrial biopsy tissue Females with pelvic inflammatory disease and/or postpartum endometritis 85
Placental tissue collected at cesarean section in

women with intact fetal membranes
Females with histologic chorioamnionitis 18

Endotracheal aspirate Preterm infants with bronchopulmonary dysplasia 88
Urethral swab or urine Males with nongonococcal urethritis from Canada 421
Urethral swab or urine Males with nongonococcal urethritis from the United States 81
Blood, cerebrospinal fluid, synovial fluid,

pleural fluid, lung tissue
Invasive isolates from various patient groups, including adults and children 24

Total 1,061
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Assembler (454 Life Sciences). We then compared the four isolates to each of
the ATCC reference urealyticum genomes by generating dot plots. Sequencing
was done at the J. Craig Venter Institute.

Statistical analysis. The Fisher exact test and �2 test were performed to
compare the distributions of Ureaplasma species and serovars in different patient
populations. A P value of �0.05 was considered statistically significant. Analyses
were conducted by using SAS software (SAS Institute, Inc., Cary, NC) and SPSS
16.0 (SPSS, Inc., Chicago, IL).

RESULTS

Species and serovar distributions of isolates from different
patient populations. Of 1,061 unique clinical isolates that were
typed to species and serovar levels (see Table S2 in the sup-
plemental material), U. parvum was detected in 508 (48%)
isolates, U. urealyticum was detected in 406 (38%) isolates, and
both species were detected in 140 (13%) isolates. The remain-
ing seven isolates (1%) could not be typed to the species level
by real-time PCR. However, one of them was determined to be
U. urealyticum by using a PCR targeting the urease gene (35).
The prevalence of U. urealyticum was significantly increased in
isolates from endometrial biopsy tissues from women with pel-
vic inflammatory disease (PID) and/or endometritis (33% ver-
sus 14%, P � 0.01) in comparison to vaginal swabs from
healthy pregnant women. It was also more common in Amer-
ican men with NGU compared to urine samples from men
without urethritis (68% versus 48%, P � 0.05). No association
of either Ureaplasma species was found in the placentas of
women with versus without chorioamnionitis. There was also
no difference in infants with or without chronic lung disease of
prematurity or among the 24 invasive isolates. Canadian men
with NGU had a significantly higher percentage of mixed spe-
cies than U.S. men (26% versus 6%, P � 0.001); however, the
difference might merely reflect methodology and/or isolation
procedures.

The 14 serovars were distributed unevenly in all groups:
serovar 3 was the most common (n � 332) and serovar 5 was
the least common (n � 19) when counting the presence of any
serovars in all 1,061 isolates (see Table S2 in the supplemental
material). When we compared the prevalence of serovars in

diseased groups with their corresponding controls, we ob-
served no consistent patterns implicating individual serovars.
The serovars with significantly increased prevalence in dis-
eased groups included serovars 5, 8, and 11 in the PID/endo-
metritis group; serovar 6 in the chorioamnionitis group; sero-
var 9 in U.S. men with NGU; and serovar 10 in neonates in the
BPD group. Among the 24 invasive isolates, serovar 3 was the
most common, occurring in 7 (29%) isolates. The serovar dis-
tribution between NGU isolates from U.S. and Canadian men
was significantly different, indicating that geographic factors
may play an important role.

Isolates that were negative for all serovar-specific assays.
There were 67 (6%) isolates that could not be assigned to any
of the 14 known serovars by PCR. To ascertain why these
isolates were negative in all of our serovar-specific assays, we
performed whole-genome shotgun sequencing of four of these
isolates. Genome analysis showed that isolates 2033 and 2608
were most closely related to serovars 12 and 4. ATCC serovars
12 and 4 were the closest related serovars among the urealyti-
cum group. Isolate 4155 was most similar to serovar 11,
whereas isolate 4318 was most similar to serovar 2. Relative to
the ATCC reference strains, all of the isolates’ genomes had
some minor genome rearrangements, areas that were deleted,
and some areas that were inserted and are new for the urea-
lyticum group. Analysis of the target areas for the serovar-
specific PCR assays showed that the target was either missing
completely, or some of the target was missing or modified so
that one of the primers would not bind. However, it is clear
that these isolates have changes in other areas of the genome
as well. Whether we can assign new serovar numbers to any of
the unidentifiable isolates is a matter of clarifying the require-
ments for a ureaplasma to be considered a specific serovar.

Isolates containing multiple serovars and conflicting sero-
vars. Multiple serovar markers were detected in 413 (39%)
isolates, predominantly U. urealyticum (n � 201) and mixed
species (n � 124) (Fig. 1). Among them, 223 (21%) isolates
contained two serovar markers, 91 (9%) isolates contained
three serovar markers, and 99 isolates (9%) contained four or

FIG. 1. Clinical isolates containing multiple serovars and untypeable serovars. A total of 1061 clinical isolates were typed to species and then
serovar level by real-time PCR. In the event isolates were determined to be negative for any serovars within their designated species, additional
PCR assays for serovars of the other species were performed. Untypeable isolates (0-sv, negative for any serovar; 0-spp, negative for any species)
were subjected to a secondary PCR assay targeting the urease gene to confirm the species.
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more serovar markers. The maximum number of serovar mark-
ers detected in a single isolate was 10. The distribution of
serovar marker numbers per isolate did not show significant
differences between control and diseased groups, except for
U.S. men with NGU.

Discordant typing results were observed in 42 isolates. Three
isolates were typed as U. parvum; however, their serovar mark-
ers belonged to U. urealyticum. On the other hand, 15 isolates
were typed as U. urealyticum but contained U. parvum serovar
markers. One U. urealyticum isolate showed serovar markers of
both species. One isolate negative for the species-specific real-
time PCR contained two different U. urealyticum serovar mark-
ers, whereas 22 isolates positive for both species showed sero-
var markers from only one.

Separation of isolates with multiple serovars. In an effort to
isolate pure cultures containing a single serovar from clinical
isolates containing apparent mixtures of multiple serovars, we
found that four isolates could not be purified into a single
serovar after filtering and selecting single colonies for subcul-
ture. Two of them contained loci expressing serovars 3 and 14;
one isolate expressed serovars 1 and 14, and one expressed
serovars 3 and 6. As a control, a mixture of equal amounts of
ATCC type strains of serovars 1 and 6 was made, and these two
serovars were completely separated after the same procedures.
We therefore suspected that these isolates and many of the
others containing what were initially believed to be comprised
of multiple serovars might not be true mixtures, but hybrid
organisms carrying multiple serovar markers.

Verifying hybrid isolates by sequencing multiple gene-cod-
ing, polymorphic loci. To simplify the test to determine
whether the isolates were mixtures or hybrids, we focused on
isolates that were positive for two serovar markers and ana-
lyzed them by DNA sequencing (primers are listed in Table S1
in the supplemental material). We chose to sequence 7 to 10
gene-coding loci that are widely distributed around the two
genomes and contain multiple base pair polymorphisms. Con-
trol mixtures of equimolar genomic DNA concentration of
ATCC type serovars 3 and 6 had visible double nucleotide
peaks in the sequencing chromatograms as shown in Fig. 2a.
Differentiating mixed versus pure isolates was limited when the
DNA concentration ratio reached 9:1, and clean single peaks
representing the predominant DNA type appeared (Fig. 2a). A
hybrid would be expected to show single peaks at polymorphic
sites representing the sequence of one serovar in some loci and
the other serovar in the rest of the loci (Fig. 2b). In all tested
loci, ATCC type strains of corresponding serovars were ampli-
fied and sequenced as controls.

Seven clinical isolates suspected to contain a hybrid organ-
ism of two serovars were analyzed. Six isolates (10902, 97078,
10901, 8510, 24318, and 25353) clearly showed some polymor-
phic loci characteristic of one serovar and some characteristic
of another (Table 2). Seven polymorphic loci were examined in
two isolates containing serovars 1 and 6. Isolate 10902 showed
an obvious hybrid pattern: four loci were from UPA6, and
three loci were from UPA1. In isolate 97078, six of seven loci
were UPA6 specific, and one locus was closest to UPA14
(BLAST analysis showed 99.55% identity to UPA14). In order
to examine the reason for having serovar-specific real-time
PCR signal for both UPA1 and UPA6, we proceeded to se-
quence the two serovars’ real-time PCR targets. Both PCR

assays targeted the mba gene of each serovar. The mba se-
quencing chromatogram depicted only MBA1. Since real-time
PCR is more sensitive than DNA sequencing, and DNA se-
quencing failed to recognize mixtures of 9:1 or lower ratios, we
hypothesized that isolate 97078 contained two hybrids in a
ratio of at least: 90% or more of a UPA6 with a UPA1 specific
MBA hybrid, and 10% or less of a UPA1 with a UPA6 specific
MBA hybrid. Another seven loci were tested for serovars 3 and
6, and hybrid patterns were observed in isolates 10901 and
8510. Isolates 24318 and 25353 were serial isolates from the
same patient. They were positive by real-time PCR for serovars
9 and 10 and had 10 polymorphic loci from UUR10 and two
specific loci from UUR9. Sequencing of the real-time PCR
targets indicated that the two isolates contained serovar mark-
ers of both UUR9 and UUR10. Taken together, all of the data
suggested that these two isolates are hybrids.

Prevalence of hybrid ureaplasmas. To quickly estimate the
prevalence of hybrid ureaplasmas in a large number of clinical
isolates containing multiple serovars, quantitative real-time
PCR assays were performed using a universal quantification
standard, plasmid pUC19-UU, which contained one copy of
each serovar-specific PCR target (except for serovars 4 and 5).
The rationale for this test is based on the observation and
hypothesis that mixtures of different serovars will still occur as
mixtures in different ratios after regrowth because of different
growth rates of serovars and different mixing ratio at starting
point. On the other hand, a hybrid, as a single organism will
contain the same ratio of different serovar markers at the
starting point and after regrowth. Thus, by quantification of
serovar markers in clinical isolates, we should be able to dif-
ferentiate the hybrids and mixtures.

Among 271 randomly selected isolates out of 413 containing
multiple serovars (except serovars 4 and 5), 75 (28%) were
hybrids (Fig. 3). Among the hybrid isolates, 62 (23%) were
hybrids of two serovars, 12 (4%) were hybrids of three sero-
vars, and 1 (�1%) was a hybrid of four serovars. Most of the
hybrids contained markers of the same species (Table 3).
There were 10 U. parvum hybrids and 59 U. urealyticum hy-
brids. Interspecies hybrids were found in six isolates. The most
common hybrid types that we encountered were hybrids of
serovars 11 and 12. A clinical subculture could be a pure hybrid
strain, a mixture of a hybrid strain and/or nonhybrid strains, or
even a mixture of different hybrid strains, such as isolate 12599,
which was a mixture of two hybrids—a hybrid of serovar 2/11
and another hybrid of serovar 7/12, and a nonhybrid strain of
serovar 13.

DISCUSSION

To address the question whether differential pathogenicity
exists at the Ureaplasma serovar level, an accurate typing
method and a large number of clinical isolates are needed. The
14 serovar-specific real-time PCR assays have been proven to
separate all 14 serovar type strains without cross-reactions
(55). We applied these assays to type 1,061 clinical isolates
from different patient populations. Thus far, this is the largest
collection of clinical isolates that have been typed to species
and serovar level by any method. The results indicated that U.
urealyticum was significantly increased in men with NGU and
in women with PID and/or endometritis, an observation which
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agrees with previous reports (1, 13, 26, 30, 34, 36). However, no
agreement in association of particular serovars with diseases
was achieved among the different patient groups, including the
invasive isolates recovered from usually sterile sites. Previous
studies also showed no consistent data correlating individual
serovars and pathogenic outcome, even among invasive iso-
lates (10, 12, 29, 33, 46, 50, 58, 59). This suggests that serovar
designation is not a reliable subspecies marker for determining
the differential pathogenicity of Ureaplasma.

We utilized the clinical isolates that were available to us for
study, and we acknowledge there are some potential limita-
tions in the study populations and comparator groups. One
such limitation is the comparison of vaginal swabs from healthy
women to serve as controls for comparison with endometrial
tissue in the subjects with disease. A second is the relatively
small number of control urine specimens (25) available for
analysis from men without NGU. All of the clinical isolates
were low-passage organisms, so it is unlikely that there would

be selection of individual serovars that grow more rapidly in
laboratory culture than others. However, unless one tests the
original clinical specimens before any in vitro cultivation, it is
not possible to know with certainty which serovars were there
before the specimen is subjected to laboratory cultivation con-
ditions. Furthermore, some serovars present in mixtures might
not have survived prolonged storage and reconstitution. How-
ever, even with these potential limitations, our conclusions are
not likely to be affected in the view of our finding hybrid
serovars as a result of HGT. Thus, we must question the utility
of serovar determination in the assessment of pathogenicity.

Multiple serovars were detected in ca. 40% (413/1,061) of
the clinical isolates, while 6% (67/1,061) were not typeable and
4% (42/1,061) showed conflicting species and serovar results. It
has been observed since the earliest Ureaplasma typing studies
that many clinical isolates contain multiple serovars (10, 17, 29,
32, 50). Although cross-reactive typing reagents and mixed
cultures were generally accepted as plausible explanations, it

FIG. 2. DNA sequencing of multiple polymorphic loci throughout the genome. DNA sequencing trace files were aligned by using CLC genomic
workbench. (a) Sequencing of DNA obtained from artificial mixtures of U. parvum serovar 3 and U. parvum serovar 6. Reference sequences of gidA
orthologous genes of U. parvum serovars 3 and 6 are shown on the first two lines. The type of DNA mixture for each reaction is provided on the
left of the sequences. Polymorphisms are marked with shaded boxes. Trace data indicated double peaks in the 1:1 mixture and single peaks in 9:1
mixtures, representing the predominant DNA. (b) Sequencing of multiple polymorphic loci in isolate 10901. A representative window of three of
seven sequenced loci is shown. Polymorphic sites are marked with shaded boxes. Isolate 10901 showed single peaks at the polymorphic loci. Loci
1 and 3 showed characteristics of serovar 6, while locus 2 was the same as serovar 3.
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has never been completely clear whether certain strains can
contain multiple serovar specificities and how this may occur.
Failure to separate multiple serovars from some clinical iso-
lates suggests the occurrence of hybrids. Our studies indicate
there are pure organisms carrying multiple serovar markers.

DNA sequencing of multiple loci with multiple base pair poly-
morphisms provided evidence of HGT and explains why some
isolates were positive in more than one serovar-specific PCR
assay. Because serovar-specific markers are exchanged be-
tween ureaplasmas, some organisms might acquire multiple

TABLE 2. DNA sequencing results of polymorphic loci, mba gene, and serovar marker regions

Compared serovar Isolate Polymorphic locus Polymorphic character MBA/serovar markera Conclusion

UPA1_6 10902 UPA1_43 UPA6 NA Hybrid
UPA1_98 UPA6 NA Hybrid
UPA1_100 UPA1 NA Hybrid
UPA1_101 UPA1 NA Hybrid
UPA1_114 UPA6 NA Hybrid
UPA1_293 UPA1 NA Hybrid
UPA1_359 UPA6 NA Hybrid

UPA1_6 97078 UPA1_43 UPA6 MBA1 Hybrid
UPA1_98 UPA6 MBA1 Hybrid
UPA1_100 UPA6 MBA1 Hybrid
UPA1_101 UPA6 MBA1 Hybrid
UPA1_114 UPA6 MBA1 Hybrid
UPA1_293 UPA14? MBA1 Hybrid
UPA1_359 UPA6 MBA1 Hybrid

UPA3_6 10901 UPA3_37 UPA6 MBA3 Hybrid
UPA3_38 UPA6 MBA3 Hybrid
UPA3_39 UPA6 MBA3 Hybrid
UPA3_98 UPA3 MBA3 Hybrid
UPA3_378 UPA3 MBA3 Hybrid
UPA3_481 UPA6 MBA3 Hybrid
UPA3_512 UPA3 MBA3 Hybrid

UPA3_6 8510 UPA3_37 UPA3/6 NA Hybrid
UPA3_38 UPA3* (UUR2/UPA14?) NA Hybrid
UPA3_39 UPA3 NA Hybrid
UPA3_98 UPA6 NA Hybrid
UPA3_378 UPA3* (UPA14?) NA Hybrid
UPA3_481 UPA3 NA Hybrid
UPA3_512 UPA3 NA Hybrid

UUR9_10 24318 UUR10_0043 UUR10 Both Hybrid
UUR10_0072 UUR10 Both Hybrid
UUR10_0138 UUR10 Both Hybrid
UUR10_0141 UUR10 Both Hybrid
UUR10_0329 UUR10 Both Hybrid
UUR10_0364 UUR10 Both Hybrid
UUR10_0376 UUR10 Both Hybrid
UUR10_0371 UUR10 Both Hybrid
UUR10_0653 UUR10 Both Hybrid
UUR10_0654 UUR10 Both Hybrid
UUR9_ORF01470 (UUR9 only) UUR9 Both Hybrid
UUR9_ORF01469 (UUR9 only) UUR9 Both Hybrid
UUR9/10_ORF00475 One copy of UUR10 and one or

two copies of UUR9
Both Hybrid

UUR9_10 25353 UUR10_0043 UUR10 Both Hybrid
UUR10_0072 UUR10 Both Hybrid
UUR10_0138 UUR10 Both Hybrid
UUR10_0141 UUR10 Both Hybrid
UUR10_0329 UUR10 Both Hybrid
UUR10_0364 UUR10 Both Hybrid
UUR10_0376 UUR10 Both Hybrid
UUR10_0371 UUR10 Both Hybrid
UUR10_0653 UUR10 Both Hybrid
UUR10_0654 UUR10 Both Hybrid
UUR9_ORF01470 (UUR9 only) UUR9 Both Hybrid
UUR9_ORF01469 (UUR9 only) UUR9 Both Hybrid
UUR9/10_ORF00475 UUR10 Both Hybrid

a NA, not available; Both, serovar markers of both UUR9 and UUR10.
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markers, and some might completely lose all markers. There-
fore, a likely consequence of HGT is the emergence of hybrid
ureaplasmas containing multiple serovar markers from one or
more species and untypeable strains. Alternatively, the untype-
able strains may also represent new serovars that have never
been characterized. The 14-serovar classification scheme was
expected to be expanded at the time it was established (40),
and several later studies using antibody-based or PCR methods
have reported a certain number of untypeable isolates (19, 50,
58). To determine whether those untypeable isolates represent
new serovars or loss of markers, additional analysis such as
whole-genome sequencing of such isolates would be instruc-
tive.

HGT between U. parvum and M. hominis, which both local-
ize to the mucosal surface of the human urogenital tract, was
recently reported (31). Five clusters of genes encoding type I
and III restriction/modification systems, transposases, and cell
surface proteins were predicted to undergo HGT between the
two phylogenetically distinct species.

Another possible explanation for the observation of clinical
isolates that apparently express markers for multiple serovars
could be high-frequency mutations. Although we cannot com-
pletely discount that this may indeed occur to some extent, it is
unlikely to be the primary mechanism responsible for these
observations of hybrid serovars. In our experimental design we
selected 7 to 10 coding loci with at least 20 polymorphisms,
with some of them being consecutive bases that were spread
through the genome. The patterns we observed would be dif-
ficult if not impossible to produce by high-frequency mutation.

In the present study, we have reported that HGT occurs
within Ureaplasma spp. Serovar markers and other sequences
throughout the genome were exchanged among serovars, in-
cluding the MBA gene, which was thought to be serovar spe-
cific (53). This finding questions the definition of serovars,
because the phenotypic epitopes on which the serovars are

based may change, combine, or be lost after HGT. The mech-
anisms involved in HGT in ureaplasmas are still not clear.
Mobile genetic elements, such as the conjugative transposons
Tn916 and Tn1545, and plasmids have been identified in urea-
plasmas (11, 25, 39). Ureaplasmas may also form biofilms in
vitro (16), dense structures that enhance gene transfer (28).
Recombination may occur subsequently to transposition of the
DNA into the recipient genome. Sequencing hybrid isolates
may help to identify possible hot spots of recombination. Fur-
thermore, two sets of major surface antigen proteins MBA and
UU376 and UU171 and UU172 of serovar 3 are phase variable
due to DNA inversion events (60, 61). One of these phase
variants would be undetectable using a serological assay based
on the serovar 3 MBA. On the other hand, different serotyping
results have been reported to occur in the same strain follow-
ing subculturing (24, 50).

Genes involved in pathogenicity have not been identified
conclusively in Ureaplasma spp., and we have shown that indi-
vidual serovars are unlikely to be associated with differential
pathogenicity. Therefore, bacterial load and different host im-
mune responses may be alternative explanations for varied
clinical findings. It has been reported that increased bacterial
load is associated with NGU (5, 7, 57). A study using an animal
model of urinary tract infection showed that complications
associated with U. parvum infection are primarily dependent
on host-specific factors (38). Further studies are needed to

TABLE 3. Types of Ureaplasma hybrids

Hybrid type Hybrid serovar No. of isolates

Up hybrid 1,3 1
1,6 2
1,14 2
1,3,6 1
3,14 1
3,6 2
6,14 1

Uu hybrid 2,7 2
2,7,12 1
2,10 2
2,10,12 2
2,11 4
7,9 1
7,11 4
7,12 6
8,9 1
8,10 1
8,10,11,12 1
8,11 7
9,10 2
9,11,12 1
10,11 7
10,11,12 6
10,12 1
11,12 10

Up�Uu hybrid 1,2 1
3,9 1
3,4,11 1
6,8 1
6,10 1
6,11 1

Total 75

FIG. 3. Prevalence of hybrid serovars in clinical isolates. A total of
271 randomly selected clinical isolates (except serovars 4 and 5) con-
taining multiple serovars were tested by quantitative real-time PCR,
and the quantity of each serovar was calculated. To determine whether
an isolate was a hybrid or mixed culture, an arbitrary standard was
made based on the largest calculated deviation of the pUC19-UU
control between PCR runs. A deviation of �5-fold among serovars was
considered a hybrid strain (Hyb; the numbers following the term are
the number of serovars detected in one); a deviation of 5- to 10-fold
was considered a hybrid or mixture (Hyb/Mix); any deviation of �10-
fold was considered to represent a mixed culture (Mix); and, finally, if
both serovars were in low quantity, it was designated as undetermined
(UD).
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elucidate mechanisms of specific host response in these and
other conditions that may be associated with these organisms.

In conclusion, the present study demonstrates that HGT
occurs naturally among human Ureaplasma species and sero-
vars, and Ureaplasma pathogenicity is unlikely to be associated
with individual serovars. Our data suggest that “serotyping” is
impractical and of limited value for the assessment of patho-
genicity. To clarify the mechanisms related to pathogenicity,
future studies should focus on the specific immune response to
Ureaplasma infections, although there is still the possibility that
a gene or group of genes might be present in pathogenic
ureaplasmas and absent in commensal ureaplasmas which yet
have not been distinguished by examination at the species or
serovar level.
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